The RET/PTC oncogenes, generated by chromosomal rearrangements in papillary thyroid carcinomas, are constitutively activated versions of protoRET, a gene encoding two protein isoforms of a transmembrane tyrosine kinase receptor. By using Ret/ptc2 short isoform (iso9), we have previously demonstrated that Tyr586 (Tyr1062 of protoRet) is the docking site for both the PTB and the SH2 domains of Shc. To determine the relevance of this interaction for the transforming activity of Ret/ptc oncogenes, we have generated and characterized novel Ret/ptc mutants unable to activate Shc: Ret/ptc2 long isoform (iso51)-Y586F and both isoforms of Ret/ptc2-N583A. These mutants neither activate Shc nor transform NIH3T3 cells. Since Tyr1062 shows features of a multifunctional docking site, we have used a Shc mutant (Shc Y317F) to directly assess Shc role. We have demonstrated that in our cell system Shc Y317F behaves like a dominant interfering mutant on the activation of the Grb2-Sos pathway by endogenous Shc triggered by Ret/ptc2. A strong reduction of the transforming activity of Ret/ptc2 in presence of this mutant was also demonstrated. Our data suggest that Shc activation play a key role in the transforming pathways triggered by Ret/ptc oncoproteins. Moreover, we have shown that coexpression of the Shc-Y317F mutant with Ret/ptc2 speci®cally causes apoptosis, and that the surviving cells lose the long-term expression of one of the two genes. Oncogene (2001) 20, 3475 ± 3485.
Introduction
The RET gene encodes a transmembrane tyrosine kinase (Takahashi et al., 1988) . RET is a component of a multiprotein complex that acts as a receptor for four closely related molecules: glial cell line-derived neurotrophic factor (GDNF), neurturin, persephin and artemin (Durbec et al., 1996; Trupp et al., 1996; Creedon et al., 1997; Milbrandt et al., 1998) . RET was originally described as an oncogene (Takahashi et al., 1985) and it has been demonstrated to be involved, with distinct alterations, in dierent pathologies. Activating mutations of RET are found in human thyroid carcinomas: chromosomal rearrangements in papillary thyroid carcinoma (PTC) and point mutations in medullary thyroid carcinoma (MTC), in particular in almost all MTCs of familial origin, FMTC, MEN2A and MEN2B and in 20 ± 50% of the sporadic forms . In contrast, inactivating mutations of RET cause Hirschsprung's disease (Pasini et al., 1995) . RET rearrangements found in PTC, named RET/PTCs, as well as mutations in the extracellular part of RET found in MEN2A, lead to the formation of constitutively active homodimers (Bongarzone et al., 1993; Durick et al., 1995) . Intracellular mutations found in MEN2B, instead, produce a kinase with changed substrate speci®city (Songyang et al., 1995) .
The RET gene encodes two protein isoforms of 1072 (short) or 1114 (long) aminoacids (Ishizaka et al., 1989) diering at the C-terminus region, by displaying nine or 51 unrelated aminoacids. Since for a long time Ret was an orphan oncogenic receptor tyrosine kinase, extensive studies on Ret signaling have been performed using chimeric and/or oncogenic forms of Ret (Borrello et al., 1994; Santoro et al., 1994; Pandey et al., 1995 Pandey et al., , 1996 Asai et al., 1996; Durick et al., 1996 Durick et al., , 1998 Arighi et al., 1997; Lorenzo et al., 1997; van Weering and Bos, 1997; Alberti et al., 1998) . The intracellular domain of Ret contains 14 tyrosine residues in the long isoform and 12 in the short one, the latter lacking two tyrosine residues at the Cterminus. Interactions of Ret with a variety of downstream targets have been identi®ed. Phosphorylated tyrosine residues Tyr905, Tyr1015, Tyr1062 and Tyr1096 were identi®ed as docking sites for the adapter proteins Grb7/Grb10, phospholipase Cg (PLCg), SHC/ Enigma/p85PI3K and Grb2, respectively (Durick et al., 1996; Liu et al., 1996; Borrello et al., 1996; Lorenzo et al., 1997; Arighi et al., 1997; Alberti et al., 1998; SegounCariou and Billaud, 2000) .
The SHC gene encodes three protein isoforms of 46, 52 and 66 kD arising from alternative splicing and translational start sites (Pelicci et al., 1992) . Shc contains two phosphotyrosine interaction domains: an amino-terminal PTB domain and a carboxyl-terminal SH2 domain that¯anks a proline/serine rich region, the collagen homology region (CH1). The Shc PTB domain speci®cally binds to a NXXpY motif, where p indicates phosphorylation (Kavanaugh and Williams, 1994; Trub et al., 1995) , while the SH2 domain binds pYXXL/V/M sequences (Songyang et al., 1994) . Shc proteins are ubiquitously expressed and are involved in signaling pathways triggered by dierent classes of proteins: by tyrosine kinase (TK) receptors, by non receptor TKs such as Src and Fps, by surface receptors without intrinsic TK activity such as interleukin receptors and B-cell antigen receptor and by middle T antigen of Polyoma virus (see Arighi et al., 1997 and references therein) . Upon phosphorylation, Shc binds to the Grb2-SOS complex leading to the activation of the Ras signaling pathway (Lowenstein et al., 1992) . Recently the p66 isoform of Shc was demonstrated to control the oxidative stress response and life span in mammals (Migliaccio et al., 1999) .
We and others have shown that Shc is activated by Ret/ptc oncoproteins as well as by transmembrane forms of Ret: proto-Ret receptor activated by ligand and its oncogenic versions, RetMEN2A and RetMEN2B (Borrello et al., 1994; Arighi et al., 1997; van Weering and Bos, 1997; Lorenzo et al., 1997; Trupp et al., 1999) . In addition, we have used Ret/ptc2 short isoform (iso9) (Bongarzone et al., 1993) , a representative RET/PTC oncogene encoding a fusion protein in which Ret cytoplasmic domains are fused to the regulatory PKA subunit RIa, to identify the Shc docking site. We have demonstrated that Tyr586 (Tyr1062 of proto-Ret) is the docking site for both the PTB and the SH2 domains of Shc (Arighi et al., 1997; Lorenzo et al., 1997) .
Here we show, by using the same Ret/ptc chimeric protein, that Ret/ptc2-Y586F and Ret/ptc2-N583A mutants of both Ret isoforms, unable to activate Shc, also lack the capacity to transform NIH3T3 cells. Since Shc activation was shown in human tumors of dierent origin, including a papillary thyroid carcinoma cell line (Pelicci et al., 1995) as well as in NIH3T3 cells expressing Ret/ptc2 (Borrello et al., 1994) , Shc was supposed to be the obvious candidate responsible for the lack of transforming activity of Ret/ptc2 mutants. However, Tyr586 of Ret/ptc2 (Tyr1062 of protoRet) has been recently proposed also as a multifunctional docking site which binds additional signaling molecules such as Enigma and p85 of PI3K (Durick et al., 1996; Segoun-Cariou and Billaud, 2000) . To precisely de®ne the role of Shc in cell transformation we have used a Shc mutant, Shc-Y317F, that we demonstrated able to interfere with Shc activation of Grb2-SOS triggered by Ret. This Shc mutant, coexpressed with Ret/ptc2, signi®cantly reduced the transforming activity of Ret/ptc2 for NIH3T3 cells. Moreover, we have shown that coexpression of the Shc-Y317F mutant with Ret/ptc2 speci®cally causes apoptosis. The surviving cells showed long term loss of expression of one of the two exogenous genes, more frequently of Ret/ptc2.
Results
In vitro interaction of Ret/ptc2-Y586F and Ret/ptc2-N583A mutants with SH2 and PTB domains of Shc
To characterize Ret-Shc interaction, we have generated, by site-directed mutagenesis of RET/PTC2 cDNAs encoding short or long isoform, the following mutants: RET/PTC2-Y586F long isoform, RET/PTC2-Y586F short isoform (Arighi et al., 1997) , RET/PTC2-N583A short and long isoforms. All the mutations are illustrated in Figure 1a . The RET/PTC2 mutants were sequenced and cloned into the pRC-CMV eukaryotic expression vector carrying the G418 resistance gene. All the constructs were transiently expressed in COS7 cells in order to verify the synthesis of the correctly sized proteins and to compare biochemical properties of mutant and wt proteins.
As shown in Figure 1b , all the constructs expressed the Ret/ptc2 tyrosine phosphorylated proteins of the expected size, p76 for the short isoform and p81 for the long one (upper panel). In addition, wt and mutant proteins showed a comparable autophosphorylation activity in immunokinase assay (lower panels). To analyse the ability of Ret/ptc2 mutants to bind PTB and SH2 Shc domains, protein extracts from transiently transfected COS7 cells were used for pull down assays with PTB or SH2 domain Gst-fused proteins. As shown in Figure 2a , not only Y to F but also N to A substitutions completely abrogate the ability of Ret/ptc2 short and long isoforms to bind the PTB domain. In contrast, binding to the SH2 domain was abrogated only by Y586F mutations, in keeping with the known SH2 consensus sequence.
Shc coimmunoprecipitation and phosphorylation in the presence of Y586F or N583A Ret/ptc2 mutants The ability of the mutants to bind and activate Shc in living cells was then analysed. Coimmunoprecipitation experiments are shown in Figure 2b : protein extracts from 293T cells transiently transfected with each mutant or Ret ptc2-wt genes were immunoprecipitated with anti-Shc and blotted with anti-phosphotyrosine or anti-Ret antibodies to verify Shc phosphorylation and coimmunoprecipitation with Ret/ptc2 phosphorylated mutant isoforms. A strong reduction of coimmunoprecipitation is shown not only for Ret/ptc2-Y586F but also for Ret/ptc2-N583A mutants that show only faint residual Tyr-phosphorylated Ret/ptc2 bands compared with the corresponding Ret/ptc2-wt proteins. This result con®rms the major role of the PTB domain for Shc-Ret/ptc interaction (Arighi et al., 1997) . The reduction was observed with both the short and the long isoform of Ret/ptc2. In addition, the same blot shows that Ret/ptc2 induced Shc phosphorylation on Transforming activity on NIH3T3 cells of Ret/ptc2-Y586F and Ret/ptc2-N583A mutants
The above described Ret/ptc2 mutants, unable to interact with and to phosphorylate Shc, were next analysed by NIH3T3 focus formation assay, to evaluate their oncogenic activity. As a control, the previously characterized Ret/ptc2-iso9-K282R, a kinase negative Ret/ptc2 mutant, was used (Arighi et al., 1997) . Figure 3 shows representative plates of focus formation experiments; the results are reported in Table 1 . No transformation foci were obtained using Ret/ptc2-Y586F short or long isoform. The transforming activity, if any, was less than 1/100 of that displayed from the wt. Surprisingly, the same results were obtained using Ret/ptc2-N583A mutants. All these mutants aecting the Tyr586 docking site in our experimental conditions behaved identically to the kinase-dead Ret/ptc2 mutant.
Shc-Y317F mutant interferes in Ret/ptc2-dependent Grb2/SOS pathway activation
To investigate the role of Shc in the transforming pathways triggered by Ret/ptc2, we have used Shc mutants that were previously demonstrated to have a dominant interfering eect on the activation of endogenous Shc (Hill et al., 1996) . To this aim, we have used dierent hemoagglutinin (HA)-tagged p52Shc genes: SHC-WT, SHC-Y317F mutant (the Tyr317 residue is involved in Grb2 interaction), SHC-R401K (SH2 domain inactivating mutant), SHC-DPI (the PTB domain deletion) represented in Figure 4a . The genes, cloned into the pCGN vector harboring Figure 3 N583A and Y586F mutations completely abolish the Ret/ptc2 transforming activity. Focus formation assay in NIH3T3 cells stably transfected with Ret/ptc2 short and long isoform wt and mutants (N583A and Y586F). As negative control, a Ret/ptc2 mutant devoid of kinase activity (K282R) (described in Arighi et al., 1997) was used. Representative plates ®xed and stained 14 days upon transfection are shown Shc role on Ret/ptc2 signaling E Mercalli et al resistance to hygromycin, were used in transient transfections. As shown in the middle panel of Figure  4b they were all expressed when transiently transfected in 293T cells. All but the Shc-DPI mutant show a small electrophoretic shift, due to the HA epitope, compared with endogenous p52 Shc; Shc-DPI encodes a protein of about 38 kD. When cotransfected with Ret/ptc2 (lower panel, Figure 4b ), Shc-wt and Shc-Y317F proteins are able to coimmunoprecipitate with the oncoprotein whereas Shc-R401K and Shc-DPI show, as expected, a reduced ability to coimmunoprecipitate with Ret/ptc2. This is shown in the upper panel of Figure 4b , where about a residual 40% (for Shc-R401K) and 10% (for Shc-DPI) of the amount of the Shc-wt, respectively, was assessed to coimmunoprecipitate by PhosphorImager analysis. All the Shc-wt and Shc mutants reduce at variable degrees the phosphorylation of endogenous Shc (upper panel, Figure 4c ). Noteworthy, the mutants, in spite of lacking PTB (Shc-DPI) or SH2 (Shc-R401K) domains, show, when overexpressed, a signi®cant steady state phosphorylation. To determine which mutant is able to block the Shc pathway, the ability of all the Shc mutants to coimmunoprecipitate with Sos was analysed. They were all binding Sos (data not shown), except Shc-Y317F mutant, which showed a strongly reduced ability to coimmunoprecipitate with Sos compared to Shc-wt (upper panel, Figure 5a ). In addition, the coimmunoprecipitation of endogenous Shc with Sos seems lowered by the presence of Shc-Y317F mutant, as shown in the middle panel of Figure 5a by blotting with anti-Shc the anti-Sos immunoprecipitates. Accordingly, Erk activation induced by Ret/ptc2 coexpressed with Shc-Y317F is signi®cantly reduced compared to Erk 1/2 activation induced by Ret/ptc2 and Shc-wt (upper panel, Figure 5b ), thus suggesting that Shc signaling is partially blocked by overexpressing Shc-Y317F in 293T cells.
Transforming activity on NIH3T3 cells of Ret/ptc2 in the presence of Shc-Y317F dominant interfering mutant
To determine the transforming activity of Ret/ptc2 when the Shc pathway is partially blocked, the Shc-Y317F mutant, demonstrated above to exert a dominant negative activity on endogenous Shc, or Shc-wt, were coexpressed with Ret/ptc2 in NIH3T3 cells.
To this aim, ®rstly NIH3T3 cell lines expressing Shc mutants or containing empty pCGN vector were isolated and demonstrated to stably express the transfected SHC genes (data not shown). All the NIH3T3 clones named NIH (vector), containing empty pCGN vector, NIH (Shc-wt), expressing Shc-wt, and NIH (Shc-Y317F) expressing Shc-Y317F mutant, were demonstrated to be similarly transfection competent as the parental NIH3T3 cells by using a b-gal reporter plasmid (data not shown). Standard NIH3T3 as well as the above described Shc expressing and control vector NIH3T3 clones were then used as recipient for Ret/ ptc2wt focus formation assay stable transfections.
The results of repeated transfections are shown in Figure 6 . A reduction of 70 ± 80% of the transforming activity of Ret/ptc2 is displayed when Ret/ptc2 is transfected in NIH (Shc-Y317F) cells, compared to NIH or NIH (vector) cells. A minor reduction of Ret/ ptc2 transforming activity was observed using a recipient NIH3T3 expressing Shc-wt or Shc-DPI. Comparable results were obtained by scoring foci in standard conditions (see Materials and methods) or by selecting cells in G418R or hygromycin, the resistances carried by either of the two vectors used.
Foci selected in hygromycin were isolated from NIH (vector), NIH (Shc-wt) and from NIH (Shc-Y317F). Whereas cell lines stably coexpressing Ret/ptc2 and Shc-wt or Ret/ptc2 expressing cells from NIH (vector) were easily obtained (nine positive out of 15 analysed), Ret/ptc2 NIH (Shc-Y317F) stably coexpressing cells were rare (one positive out of 13 analysed). For this reason, starting from early time of transfection (fourth week), we checked the following parameters in the isolated foci once a week: expression of exogenous genes by Western Blot, cell morphology and apoptosis, assayed by TUNEL. The results are summarized in Table 2 .
The six cell lines derived each from NIH (vector) and NIH (Shc-wt) all displayed a morphologically transformed phenotype, were able to maintain the expression of exogenous genes and showed no positivity in TUNEL assays during the 5 weeks time period of analysis. Instead, the cell lines derived from NIH (Shc-Y317F) transfected with Ret/ptc2 had a partially NIH3T3 G418 colonies were ®xed at day 14 and transformation foci at day 21 after transfection. The experiment was repeated three times, in triplicate
Oncogene Shc role on Ret/ptc2 signaling E Mercalli et al revertant¯at morphology at the ®fth week, becominḡ atter and growing in a more organized fashion in the following weeks. Two representative cell lines coexpressing Ret/ptc2 and Shc-Y317F proteins are shown in Figure 7 . In the same Figure, parental cell lines, as well as Ret/ptc2 or Ret/ptc2 and Shc-wt coexpressing cells, are shown for comparison. In addition, from week 5 to 9 from the transfection, cells coexpressing Ret/ptc2 and Shc-Y317F proteins showed a reproducible TUNEL positive staining, ranging from 2 ± 5%, 10 ± 15% at their peak, while parental NIH (Shc-Y317F) and NIH (Ret/ptc2) cell lines, assayed as controls, were always negative by TUNEL assay ( Table  2) .
The same cell lines coexpressing Ret/ptc2 with Shcwt or with Shc-Y317F or with empty vector were also early analysed (at week 6) to test the activation of Shc and, downstream, of Erk1/2. In Figure 8 it is shown that, as for the 293T cell context, also in NIH3T3 cells the Y317F mutation impaired the coimmunoprecipitation of Shc with Sos (upper panel), thus blocking the Shc pathway. Cell lines coexpressing Shc-Y317F mutant and Ret/ptc2 showed also a strong reduction in Erk 1 and 2 tyrosine phosphorylation compared with NIH (vector) cells expressing Ret/ptc2 or with cells coexpressing Ret/ptc2 and Shc-wt (Figure 8 , direct Western blot with anti phospho-Erk 1/2 antibodies).
Discussion
RET/PTC oncogenes, generated by somatic rearrangements in a signi®cant fraction of human papillary thyroid carcinomas , are capable of transforming NIH3T3 cells (Bongarzone et al., 1989) and are thought to be associated with the pathogenetic (Fischer et al., 1998) . With the eort to understand the mechanism of transformation triggered by RET/PTC oncogenes, we have investigated the role of Shc, previously demonstrated constitutively activated in cells expressing Ret/ptc oncoproteins (Borrello et al., 1994; Pelicci et al., 1995) .
We have generated mutants of a representative RET/PTC oncogene, RET/PTC2, and analysed their transforming activity. Our results show that Ret/ptc2-Y586F, a mutant lacking the tyrosine docking site for SH2 and PTB domains of Shc and therefore unable to activate Shc (Arighi et al., 1997) , completely loses the ability to transform NIH3T3 cells. Because of redundancy in signaling pathways, mutations of individual phosphorylation sites in a receptor tyrosine kinase do not usually abolish a speci®c response (Valius et al., 1993; Fambrough et al., 1999) . Instead, a strong reduction of transforming activity of Tpr-Met due to a Y to F mutation at a multifunctional docking site was reported (Fixman et al., 1995) . In the case of Ret, Tyr586 of Ret/ptc2 (Tyr1062 of protoRet) has been recently proposed to be a multifunctional docking site, binding Shc, Enigma and p85 of PI3K (Arighi et al., 1997; Durick et al., 1996; SegounCariou and Billaud, 2000) . However, not even recent studies concerning the Tyr1062 of Ret and the transducer molecules binding this crucial docking site (Segoun-Cariou and Billaud, 2000; Besset et al., 2000; Hennige et al., 2000; Hayashi et al., 2000) have formally demonstrated that Shc is essential for transformation. To better understand the role of Shc, we have therefore constructed the RET/PTC2-N583A mutant. We have shown that Ret/ptc2-N583A short and long isoform mutants are unable to bind Shc-PTB and to activate Shc. Moreover, these mutants have completely lost their transforming activity.
The correlation between the lack of Shc activation and the absence of transforming activity on NIH3T3 cells of Y586F and N583A Ret/ptc2 mutants strongly suggests a key role of Shc in the transforming activity of Ret. In keeping with present ®ndings, Shc activation was found in human tumors of dierent origin including a papillary thyroid carcinoma cell line (Pelicci et al., 1995) . Moreover, Shc activation mediated by Ret/ptc2 has been demonstrated in NIH3T3 cells (Borrello et al., 1994; Arighi et al., 1997) . Our data do not exclude however the role of other possible Tyr586-binding signal transducers having the same Asparagine requirement in position 73 to Tyr. Figure 6 Ret/ptc2 transforming activity on NIH3T3 cells expressing Shc mutants. Transforming activity of Ret/ptc2 on NIH3T3 cells expressing Shc mutants. NIH3T3 cells transfected with Ret/ptc2-iso9 were selected in Hygromycin (25 mg/ml) or in G418 (0.5 mg/ml) when indicated, and ®xed at day 21 after transfection. Each bar is the average of nine plates from three independent DNA precipitations. Standard deviations are indicated NIH (ShcY317F)+Ret/ptc2S 9/10 10/10 5/10 F 8/9 5/9 8/9 9/9 F 7/9 5/10 I NIH (Shcwt)+Ret/ptc2S 6/6 6/6 6/6 T 0/6 6/6 6/6 6/6 T 0/6 NIH (vector)+Ret/ptc2S 6/6 ± 6/6 T 0/6 6/6 ± 6/6 T 0/6
F=¯at. T=transformed. I=intermediate¯at/transformed (2000) that Tyr1062 is the docking site of p85 of PI3K and that the binding is probably mediated by an unidenti®ed protein. In addition, Segoun-Cariou and Billaud, 2000 proved that the PI3K pathway is essential for the transforming activity of Ret(ME-N2A)1062F. Therefore, to discriminate between the contribution of Shc to the Ret/ptc2 transforming pathway and that of other possible signal transducers, we have used Shc mutants and shown that all the Shc proteins analysed are able to interact with Ret/ptc2 and to compete with endogenous Shc, when overexpressed. This was true for Shc-wt and Shc-Y317F having both phosphotyrosine binding domains, but unexpectedly also for Shc-R401K, a mutant with an inactive SH2 domain, and for Shc-DPI, lacking the PTB domain. The Shc mutants displaying only one phosphotyrosine binding domain are able to trigger Grb2-Sos pathway and to activate downstream Erk1 and Erk2 similarly or slightly less than endogenous Shc-wt in the presence of Ret/ptc2 (data not shown). However, when Shc-Y317F mutant was coexpressed with Ret/ptc2, Shc coimmunoprecipitation with Sos was almost completely abrogated. Accordingly, Ret/ ptc2-dependent Erk activation was lowered by Shc-Y317F expression. These results suggest that in our cell system, the Tyr317 of Shc has a major role in coupling Ret signaling to the Grb2-Sos pathway. Depending on the cell environment and on the proteins that trigger Shc activation, Shc Tyr317 and Shc Tyr239/240 Figure 7 Morphology of NIH3T3 cell lines expressing Shc mutants and Ret/ptc2wt-iso9. NIH3T3 containing empty pCGN (NIH3T3 (vector)), expressing Shc-Y317F mutant (NIH (Shc-Y317)) or Shc-wt (NIH (Shc-wt)) recipient cells were transfected with Ret/ptc2wt-iso9. The foci, all expressing the transfected genes, were photographed. Scale bar=50 mm Figure 8 Shc-Sos coimmunoprecipitation and Erk 1/2 activation in NIH3T3 foci expressing Ret/ptc2wt-iso9 and Shc mutants. Foci were serum starved and 1 mg of protein extracts were immunoprecipitated with anti-SOS and immunoblotted with anti-HA antiserum (upper panel). As control, the same extracts were immunoprecipitated and analysed for the expression of Ret/ ptc2 and Shc mutants (2nd and 3rd panels). Fifty mg of the total lysates were resolved in SDS ± PAGE and immunoblotted with anti-phospho Erk1/2 antiserum (4th panel), or anti-Erk 1/2 antiserum, as control (lower panel) mutants seem to have dierent roles. For example, Nerve Growth Factor (NGF)-induced neurite outgrowth in pheochromocytoma PC12 cells requires phosphorylation on Tyr239/240 but not on Tyr317 (Thomas and Bradshaw, 1997) . For Epidermal Growth Factor (EGF)-induced mitogenic signaling in NIH3T3 cells, the ShcY317F mutant has a much reduced Grb2 coimmunoprecipitation and MAPK activation in response to EGF whereas the Shc-239/240 mutant is able to fully activate MAPK pathway (Gotoh et al., 1997) . Therefore, the Shc-Y317F mutant might represent a way to selectively block the Shc pathway triggered by Ret in NIH3T3 cells. Since the Tyr586 is a multifunctional docking site, overexpression of Shc-Y317F protein might compete not only with endogenous Shc but also with other signal transducers binding the same docking site. Consequently, we have used Shc-wt as control to dissect a genuine dominant negative eect of Shc-Y317F in Ret/ptc2-induced NIH3T3 transformation. Coexpression of Shc-wt with Ret/ptc2 produces about a 20 ± 25% of reduction in the number of foci whereas Shc-Y317F increases this value to about a 70 ± 80% of reduction. These results suggest that competition of exogenous Shc with other transducers occurs with a minor eect whereas the major eect is due to the block of Grb2-Sos pathway, also lowering Erk activation, induced by Shc-Y317F mutant. It is worth noting that, by using dominant interfering Shc-Y317F mutant, we have obtained a reduction of Ret/ptc2 transforming activity similar to the reduction found by Segoun-Cariou and Billaud', (2000) by coexpressing a dominant interfering PI3K mutant with Ret(MEN2A) (Segoun-Cariou and Billaud, 2000) . This supports the notion that cellular transformation by dierent receptor-tyrosine kinase (RTK) oncoproteins results from integration of multiple signaling pathways (Porter and Vaillancourt, 1998) . On this view, dominant interfering mutants, unbalancing intracellular pathways, may cause eects that are not additive. Alternatively, dierent pathways (Shc versus PI3K) could have a key role for dierent oncogenic Ret proteins (Ret/ptc2 versus RetMEN2A).
Interestingly, we have found that the morphology of foci, however arising in low number by transfecting Ret/ptc2 on NIH(Shc-Y317F) cells, was not comparable to that of typical Ret/ptc2 foci, the former ones being¯atter and more organized. Moreover, they tended to lose Ret/ptc2 expression during cell propagation. Unexpectedly, we have found, in fact, a low but reproducible and speci®c apoptotic eect (as judged by TUNEL assay) in NIH(Shc-Y317F)-Ret/ptc2 cells, whereas no such eect was detected in parental NIH(Shc-Y317F) cell lines that were stable for months, and in typical Ret/ptc2 foci arising on NIH cells. Therefore, the apoptotic eect was most probably caused by the coexpression of SHC-Y317F and RET/ PTC2 genes. Although cell proliferation, essential for tumorigenic transformation, and cell death are opposite cellular processes, it is known that a strong oncogenic stimulus to proliferate is associated with an increased sensitivity to induction of apoptosis (reviewed in Guo and Hay, 1999) . We can speculate that the unbalance in the signaling pathways arisen by Shc mutant overexpression causes the predominance of death signaling, usually masked by proliferating pathways. This hypothesis, with intriguing therapeutic implications for Ret expressing tumors, needs however to be carefully investigated, both to de®ne the biochemical mechanisms underlying this phenomenon and to study Shc dominant negative mutants eects in the appropriate tumor cell environment. Recently, it was reported that Ret in the absence of ligand or Ret carrying HSCR-associated mutations induces apoptosis (Bordeaux et al., 2000) . However, the same authors have found that the constitutively activated RetC634R (the MEN2A-associated Ret mutant) does not show any pro-apoptotic activity. This result furthermore supports the hypothesis that the constitutively activated-ligand independent Ret/ptc2 may induce apoptosis in the presence of Shc-Y317F mutant with a dierent mechanism. Reduction of transforming activity and apoptosis induction were also found by coexpressing SHC-Y317F mutant with the TRKT3 oncogene, a rearranged version of NGF receptor (A Greco, personal communication) activated, alternatively to Ret, in papillary thyroid carcinomas .
We have also demonstrated that cells coexpressing Ret/ptc2 and Shc-Y317F mutant show a lower Erk1/ Erk2 activation compared with cells expressing Ret/ ptc2. This eect was not surprising since it is known that Shc, by recruiting Grb2-Sos complex, contributes to the activation of Erk pathways by tyrosine kinases (Schlessinger, 1993) . In our case, a sustained Erk1 and Erk2 activation characterizes Ret/ptc2 induced NIH3T3 transformation, while a low level of ERK phosphorylation correlates with the`less transformed' phenotype of NIH(Shc-Y317F)-Ret/ptc2 cells.
In conclusion, the present data strongly indicate that Shc activation plays a key role in the transforming pathway(s) triggered by Ret/ptc2 oncoproteins. Further investigation is required to better understand the mechanisms leading cells coexpressing Shc-Y317F and Ret/ptc2 to undergo apoptosis or to segregate one of the two exogenous genes.
Materials and methods

Site-directed mutagenesis and cloning of RET/PTC2 mutants
The cloning of the RET/PTC2-iso9 and iso-51 cDNAs has been previously reported (Bongarzone et al., 1993; Arighi et al., 1997) . Site directed mutagenesis was performed on pRC-CMV carrying RET/PTC2 WT iso9 or iso51 cDNA, using an in vitro Oligonucleotide Mutagenesis System (Promega). The construction of the RET/PTC2-iso9Y586F mutant is described in Arighi et al. (1997) . Oligonucleotide carrying Y586F for the long isoform was 5'-GAAAACAAA-CTCTTTGGCATGTCAGACC-3'. Oligonucleo-tide carrying N583A was 5'-ACATGGATTGAAGCCAA-ACTCTATGG-3' for both isoforms.
Oncogene Shc role on Ret/ptc2 signaling E Mercalli et al Mutant clones were identi®ed by Allele Speci®c Oligonucleotide (ASO) technique using reverse complement oligonucleotide carrying wt (5'-ATTGAAAACAAACTCTAT-3') or N583A (5'-ATTGAAGCCAAACTCTAT-3') sequence or the corresponding wt (5'-AAACTCTATGGCATGTCA-3') or Y586F (5'-AAACTCTTTGGCATGTCA-3') sequences. Full length RET/PTC2-iso9, RET/PTC2-iso51N583A and RET/ PTC2-iso51Y586F cDNA clones (inserted in pRC-CMV plasmid) were entirely sequenced.
Cell cultures and transfections
NIH3T3, COS7 and 293T cells were grown in DMEM containing 10% calf serum. NIH3T3 (2610 5 per 10 cm diameter dish) cells were stably transfected by calcium phosphate coprecipitation using 500 ng of plasmid DNA and 40 mg of mouse carrier DNA. G418-resistant colonies were selected in DMEM plus 10% calf serum and G418 antibiotic (0.5 mg/ml); hygromycin resistant colonies were selected in hygromycin antibiotic (25 mg/ml).
Transformation foci were selected in DMEM containing 5% calf serum and hygromycin (25 mg/ml) or G418 (0.5 mg/ ml) and ®xed and counted or isolated for further studies 3 weeks after transfections. NIH3T3 resistant colonies and transformation foci were ®xed and counted or isolated 14 ± 21 days respectively after transfection.
NIH3T3 cells were starved (when indicated) in 0.2% calf serum medium for 20 h before the extraction.
Transient transfections in COS7 cells were performed by DEAE-dextran method (Arighi et al., 1997) . Transient transfections in 293T cells (1610 6 cells per 10 cm diameter dish) were performed by calcium phosphate coprecipitation method with 1 ± 5 mg of plasmid DNA. 293T cells were starved in serum-free medium for 12 h before the extraction.
In vitro binding experiments using Gst-fused proteins
Bacterial cultures expressing pGEX vector alone or recombinant pGEX containing the SH2 or the PTB domain of Shc were grown in LB containing 100 mg ml 71 ampicillin and induced with 1 mM isopropyl b-D-thiogalactopyranoside for 3 ± 6 h. The GST-fused proteins were puri®ed as described in Arighi et al. (1997) . The clari®ed cells lysates, obtained as described in Borrello et al. (1994) were incubated with 10 ± 20 mg immobilized Gst or Gst-fused proteins for 60 min at 48C. Protein complexes were resolved by SDS ± PAGE and transferred to nitrocellulose. Blots were probed as described in Borrello et al. (1996) .
In vitro immunocomplex kinase assay
The anti-Ret immunoprecipitates, adsorbed on protein ASepharose beads, were washed twice with lysis buer, once with incubation buer (50 mM HEPES pH 7.2, 20 mM MgCl 2 , 5 mM MnCl 2 ), and incubated for 15 min at 48C in 20 ml of the same buer containing 0.5 mM DTT, 4 mCi of [g- 
Immunoprecipitation and Western blotting
Protein samples were prepared as reported in Borrello et al., 1996 and immunoprecipitated with the speci®ed antibodies: anti-Ret common antiserum , anti-Shc rabbit polyclonal antiserum (UBI), anti-SOS1 rabbit polyclonal antiserum (UBI), and anti-HA mouse monoclonal antiserum (BabCo). One to two milligrams of protein extracts was used for binding experiments. Immunoprecipitates were resolved by SDS ± PAGE, transferred onto nitrocellulose ®lters, and immunoblotted with the anti-Ret antiserum described in Borrello et al., 1996, anti-pTyr (UBI) , anti-Shc (UBI), anti-HA (BabCo).
For total cells lysates (used for the analysis of Erk1/2 phosphorylation), cells were lysed in SDS lysis buer (62.5 mM Tris-HCl, pH 6.8, 2% SDS). Total extracts were separated by SDS ± PAGE. The anti Erk1/2 antibody and the anti-phospho Erk1/2 antibody used for the immunoblotting were from New England Biolabs.
Immunoreactive bands were followed by autoradiography, using a horseradish peroxidase conjugate anti-rabbit or antimouse antiserum and ECL detection system (Amersham) or visualized using 125 I-labeled protA (Amersham). When [ 125 I]protA was used, the ®lters were exposed to storage phosphor screen ®lms and analysed with PhosphorImager apparatus (Molecular Dynamics) in order to quantify the c.p.m. associated to the Ret-speci®c bands.
Analysis of apoptosis
Early detection of apoptosis in NIH3T3 cell clones was accomplished by utilizing the In Situ Cell Death Detection Kit (Boehringer). The terminal deoxynucleotidiyl transferasemediated dUTP nick end-labeling (TUNEL) process was used to incorporate¯uorescein at free 3'OH DNA ends of apoptotic cells. TUNEL reactivity was examined with ā uorescence microscopy. The number of TUNEL-positive cells was estimated by counting at least 100 cells from six separate ®elds.
